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In this study photocatalytic oxidation of toluene, used as model VOCs in the gas
phase on different types of Ti-based catalytic materials was investigated. The objective
of this work was to find out additional information regarding activity and stability of cat-
alyst during photocatalytic treatment of the polluted air. Two designs of the photoreactor
were used: classical type of an annular reactor and annular reactor with recirculation. All
measurements were performed at room temperature, atmospheric pressure and at con-
stant initial toluene concentration, relative humidity and total flow rate of the reaction
mixture. Some experiments were carried out with catalysts thermally treated on different
temperatures (350–450 °C). It was found out that thermal treatment of deactivated photo-
catalyst at higher temperature is efficient method of TiO2 reactivation. According to re-
sults presented in this paper problem of catalyst deactivation can be partially solved by
using annular reactor with recirculation of one part of reaction mixture entering the reac-
tor.
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Introduction
Heterogeneous photocatalysis has been inten-
sely studied over the past decade, mostly in connec-
tion with the treatment of drinking and wastewater,
air purification and its potential application in med-
icine and energy conversion.1–11 Fujishima and
Honda12 were the first to describe the photocatalytic
process, which related to electrolysis of water in a
photoelectrochemical electrode with the use of TiO2
as a photocatalyst. However, the examples of com-
mercial application of photocatalysis and their ap-
plication in real systems are still insignificant com-
pared to the interest this topic arouses among the
scientists. Up to date research scientists have been
focused mostly on photocatalysis of water and
much less of gas phase and air protection.12 How-
ever, over past few years the interest has rapidly
changed what is best shown by the fact that there
are currently over 120 patents based on photo-
catalytic air purification.4
One of the greatest challenges in the design
and operation of any catalytic process is the preven-
tion of catalyst deactivation. Although catalyst de-
activation is inevitable for most processes, the rate
of decay can be minimized though the understand-
ing and control of the deactivation process, i.e.
through control of catalyst properties, process vari-
ables (temperature, concentration, flow rate, etc.),
feedstock impurities and methods of reactants and
catalyst contact.13
In our previous work,14 we focused on the
photocatalytic oxidation (PCO) of toluene in the
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gas phase over UV-illuminated thin layer of tita-
nium dioxide. An attempt was made to investigate
dependence of the reaction rate on various operat-
ing variables (such as water content, inlet toluene
concentration and gas flow rate). Like other re-
searchers who have dealt with similar reaction sys-
tem 15–19 we noticed the existence of the catalyst de-
activation. The purpose of the present work was to
find out additional information regarding: (i) causes
of TiO2 deactivation, (ii) methods of catalyst reacti-
vation or avoiding of catalyst deactivation and (iii)
design considerations to prevent or minimize effect
of catalyst deactivation. Several catalysts based on
titanium were prepared and their photocatalytic ac-
tivity was compared in particular with that of com-
mercially purchased Degussa P-25 TiO2.
Experimental
Photocatalyst preparation
Four samples of Ti-based materials were used
to prepare photocatalytic layer. The characteristics
of the catalytic samples and the code used for indi-
cating them throughout the text are summarized in
Table 1. The photocatalyst labeled TP1 was pre-
pared using the commercial TiO2 powder supplied
by Degussa, now Evonik (Aeroxide P-25). Accord-
ing to manufacturer data approximately 70 % of
P-25 has the anatase crystal structure and the re-
mainder the rutile structure. TP2 was commercial
Millenium PC 500 provided by Crystal and its crys-
tal structure was primarily based on anatase (> 99
%).










(70 % anatase + 30 % rutile)
TiO2 PC 500 (> 99 % anatase)







TA1 sample was home-made TiO2 (100 % of
anatase) prepared by the sol–gel method: an appro-
priate amount of tetrabutyl titanate was slowly dis-
solved into ethanol, then a mixture of dilute aque-
ous solution of nitric acid and ethanol was added to
the above solution under stirring conditions. The re-
action mixture had the following molar composi-
tion: Ti4+ : H2O : H+(HNO3) : C2H5OH = 1 : 4 :
0.015 : 12. The solution was strongly stirred until
the gels were formed and then placed at room tem-
perature for 10–15 h, followed by being washed
with deionized water, then filtered and dried at 80
°C. Thus obtained samples were calcined in air at
300 °C for 2h.
The parent SBA15 support was prepared by the
method of Zhao et al.20 by means of neutral triblock
copolymer surfactants. Titanium was grafted by
post-synthesis.21 The titanium amount was 10 wt %.
The photocatalyst was labeled TS1.
The Ti-based catalytic layer was coated on the
inner wall of the outer tube of the annular reactor
using homogeneous suspensions (1g Ti-based mate-
rial/100 ml isopropanol) of certain powder materi-
als. Modified spin coating process was used for pre-
paration of very thin layers of the photocatalyst. In
a short line, the suspension was poured into a rotat-
ing tube and simultaneously dried in the hot air.
The TiO2-coated tube was heated at 110 °C for 2
hours. TiO2 loading density was 22.3 µg cm–2.
Annular photocatalytic reactor system setup
The photocatalytic oxidation of toluene was
performed in an annular photoreactor equipped
with an 8 W fluorescent black light blue lamp (Syl-
vania, UVA light at 315–400 nm). High purity syn-
thetic air (20.5 % O2 in N2, Messer) was used as ox-
idant. The photoreactor feed stream resulted from
mixing a dry air in a saturation flask containing dis-
tilled water at 20 oC and a dry air stream with tolu-
ene (Aldrich) at the specified flow rates of the gas
carrier through the saturators. Flow rates were regu-
lated using the flow meters (Cole Palmer). The sec-
ondary air flow was introduced into the mainstream
in order to dilute the reaction mixture and to obtain
the desired concentration of the reactant at the reac-
tor inlet. The reaction gas mixture flowed between
the reactor’s inner and outer tube. The inner tube
was made of quartz glass because of its transpar-
ency for UV light. Two configurations of photo-
reactor were used: classical type of an annular
photocatalytic reactor (designed to be run in a sin-
gle-pass) and annular reactor with partial recircu-
lation. All measurements were carried out at the ini-
tial concentration of toluene of 2.68 · 10–3 g dm–3,
relative humidity (RH) of 50 %, and at total flow
rate of reaction mixture of 40 · 10–3 dm3 min–1. The
membrane peristaltic pump was applied to circulate
a particular amount of the fluid containing a reac-
tant to the reactor entrance. Experiments were per-
formed in the range of the recirculation flow rate, vR
from 0.5 to 2.5 dm3 min–1, corresponding to recircu-
lation ratios from 12 to 61. Shematic representation
of the experimental setup is presented in Fig. 1. The
rates of the photocatalytic oxidation of toluene were
based on the difference in toluene concentration be-
fore and after UV illumination at the steady-state
conditions.
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TiO2 reactivation
Reactivation of TiO2 (P25) photocatalyst was
achieved by thermal treatment in the air atmo-
sphere. Thermal treatment of the Ti-based catalytic
layer coated on the inner wall of the outer tube of
the annular reactor was carried out in a furnace
Nabertherm L5/11/B180 at different temperatures
(350, 400 and 450 C). The temperature was in-
creased slowly up to desired temperature and then
keeping the catalyst at this temperature for 2 hours.
Analytical methods
Toluene concentrations were measured on-line
by gas chromatograph (Shimadzu GC-2014)
equipped with a flame ionization detector. The mea-
surement system included highly purified nitrogen
as carrier gas and Carbowax 20M column (length
3m, i.d. 2 mm). Analysis was performed using a
program package Shimadzu GCSolution®. The op-
erating conditions of the GC were as follows: col-
umn temperature of 120 C, detector temperature of
250 C. Additionally, high performance liquid
chromatograph (Shimadzu Prominence) equipped
with UV/Vis detector ( = 210 nm) was used to an-
alyze the intermediate products over deactivated
TiO2 catalyst. Small amount of deactivated catalyst
(0.02 g) was suspended in methanol for several
hours to extract adsorbed organic compounds and
the resulting solution was examined with HPLC us-
ing Waters Spherisorb ODS2 column (length 15 m,
i.d. 0.46 mm). Instrument calibration was per-
formed using standard solutions of benzaldehyde
and benzoic acid (5 mM) or their equimolar solu-
tion (0.1 mM).
Results and discussion
Deactivation of the photocatalyst is among the
most severe practical problems, and its importance
is reflected by the large number of papers claiming
to solve it.4,15,16,19,22 Different approaches are re-
ported in the literature, but usually they are related
to various post treatment of undesired by-products
formed under reaction conditions, of which the fol-
lowing are important to mention: thermal treatment
at elevated temperatures (> 400 °C),23 photocataly-
tic treatment using simultaneous UV illumination
and exposure to humidified air,15,24 ozone purging
in the presence of water vapour,25 washing with al-
kaline solutions.26 Another approach to eliminate or
moderate deactivation is through modifications of
catalyst composition and/or process or process con-
ditions.
In this work different catalysts are used with
purpose to investigate their photocatalytic activity
and stability during photocatalytic oxidation of to-
luene, used as model volatile organic compound
(VOC). The laboratory photoreactor used in the
first set of experiments was an annular reactor de-
signed to run in a single-pass mode. Dependence of
toluene conversion on time of UV illumination for
all catalyst is presented in Fig. 2.
The results indicate that the shape of curves is
very similar regardless of photocatalyst applied.
Surprisingly, the Ti-SBA-15 showed even better re-
sults than the TiO2 P-25, especially at longer expo-
sure time of photocatalyst to UV illumination. Gen-
erally, three characteristic periods can be observed
on the curves. The first period can be considered as
a period of initiation. During this period toluene
conversion rapidly increases and reaches a maxi-
mum value, which indicated that the process is non-
stationary. The most likely explanation of such be-
haviour is a time-dependent increase in photocata-
lyst activity, which can be attributed to the forma-
tion of hydroxyl radicals. As can be seen this period
is very short and lasts for about 10 min, depending
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F i g . 1 – The shematic diagram of the experimental setup.
1,2,3 – Needle valves, 4,5,6 – Flow meters, 7,8 – Saturators
with bidistilled water or toluene, 9 – Annular photocatalytic re-
actor, 10 – Recirculation pump
F i g . 2 – Conversion vs. exposure time to UV lamp for dif-
ferent PCO catalysts (annular reactor without
recirculation)
on the reaction conditions. This is followed by a pe-
riod of constant toluene conversion or constant ac-
tivity of photocatalyst (maximum conversion was
ca. 0.98), after which conversion starts to decrease
with illumination time, indicating deactivation of
the photocatalyst. It may be noted that the home-
-made photocatalyst, designed as TA1 shows
greater stability (slower decrease of activity) com-
pared to commercial TP2, regardless of the almost
identical chemical composition (both were in al-
most anatase form). Obviously, the stability of the
photocatalyst is affected by the method of its prepa-
ration. In addition, the physical properties and load-
ing of the catalysts are also very critical for the sta-
bility of the photocatalysts. Reason for more stable
TS1 photocatalyst is not clear, however its higher
stability probably can be correlated with the possi-
bility of competitive adsorption of water and tolu-
ene molecules and subsequent desorption of photo-
oxidation products from the surface of the catalyst.
In our previous work14 deactivation of the
photocatalyst was observed. FTIR experiments per-
formed over deactivated catalyst have confirmed
the presence of benzaldehyde and benzoic acid ad-
sorbed on the surface of the TiO2, which led to the
blocking of the active sites. In this study additional
experiment are conducted to confirm these results.
Results of HPLC analysis, as shown in Fig. 3, once
more confirmed adsorption of benzoic acid on de-
activated TiO2 catalyst.
Next task was to find an appropriate way of
catalyst's reactivation.27 The influence of thermal
treatment on toluene conversion at different time of
illumination is shown on Fig. 4. As can be seen,
thermal treatment was found to be very efficient
method, especially at temperature of 450 °C. It was
also observed colour change of the catalyst during
the reactivation, i.e. the catalyst has changed colour
from light-yellow to white. It may be noted that
heat pre-treatment leads to a slower decline of cata-
lyst activity regardless of treatment temperature.
Complete reactivation of the catalyst treated at 450
°C was in accordance with the thermal stability of
the oxidation intermediates that block the active
sites on the surface of catalyst. The temperature re-
quired for complete oxidation of benzaldehyde and
benzoic acid is 360 and 420 °C, respectively.22
Thus, reactivation of the catalyst required a temper-
ature of 420 °C or slightly higher, as was the case in
this work.
Another approach to fight deactivation is by
changing the flow mode inside the reactor. One way
to achieve this is to use the annular reactor with
mixing of reaction mixture accomplished by recir-
culation. Comparison of results obtained using
commercial TP1 photocatalyst located in classic
type of annular reactor (without recirculation) and
in an annular reactor at different recirculation flow
rates is given in Fig. 5. Similar results were ob-
served with the use of other photocatalysts (Fig. 6).
Decreased conversion ascribed to catalyst deactiva-
tion was intense in reactor without recirculation
(see Fig. 5) because of much lower linear velocity
of the reaction feed over catalyst surface. On the
other hand, in reactor with recirculation (Figs. 5
and 6) the linear velocities were considerably
higher so that accumulation of reaction intermedi-
ates was difficult. Obviously, photocatalytic proper-
ties were also affected by the recirculation flow rate.
The increase of the recirculation flow rate lead
to decrease of the photoactivity in the series: TP1 >
TA1 > TP2 > TS1 (Fig. 6). Apparently, the stability
of catalysts, i.e. resistance to deactivation was im-
proved using the annular reactor under recirculation
mode.
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F i g . 4 – Influence of the thermal treatment on the photo-
catalyst activity and stability (TP1 catalyst)
F i g . 3 – Identification of the adsorbed surface species re-
sponsible for the deactivation of the photocatalyst
Conclusions
The photocatalytic oxidation of toluene over
different type of Ti-based catalytic materials was
carried out in the photocatalytic annular reactor op-
erated in two different flow modes: classic type of
annular reactor and annular reactor with recircu-
lation. The analysis of the conversion vs illumina-
tion time curves showed that all catalysts have very
high activity depending on the reaction conditions
and catalysts used. Three characteristic periods
were observed on time-conversion curves: i) the pe-
riod of the initiation, ii) the period of constant ac-
tivity and iii) the period of decreasing activity (cat-
alyst deactivation). Decreasing activity of the cata-
lyst was explained by the adsorption of benzoic
acid as reaction intermediates on the active sites,
which was confirmed by FT-IR and HPLC analysis
of used (deactivated) catalyst. Thermal treatment of
deactivated photocatalyst on the higher temperature
was found to be an efficient method of catalyst re-
activation. The catalytic activities of the Ti-based
materials located in the classic type of annular reac-
tor (without recirculation) were quite similar. The
increase of the recirculation flow rate lead to slower
decrease of the catalyst activity. Finally, the stabil-
ity of photocatalysts, i.e. their resistance to deacti-
vation can be improved using the annular reactor
under recirculation mode.
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S y m b o l s
I(210 nm)  peak intensity at wavelength of 210 nm, mV
RH  relative humidity, –
t  time, min
XA  conversion, –
vR  recirculation flow rate, dm
3 min–1
G r e e k l e t t e r s
  wavelength, nm
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